Introduction
Proposals to revise the staging criteria for lung cancer were published in 2015 by the Staging and Prognostic Factors Committee of the International Association for the Study of Lung Cancer (IASLC). [1] [2] [3] [4] [5] The proposals take effect on January 1, 2017, in the staging guidelines for the Union for International Cancer Control (UICC) and on January 1, 2018, for the American Joint Committee on Cancer (AJCC). Changes to the T component included subclassification of T1 and T2 by size in 1-cm increments and reclassification of tumors larger than 5 cm as T3 and tumors larger than 7 cm as T4. Diaphragm invasion became a T4 descriptor. Lung atelectasis, whether partial or total, and all cases of main bronchus invasion regardless of the distance from the carina were classified as T2. Tumors with extrathoracic metastases were subdivided into M1b for a single distant metastasis and M1c for multiple distant metastatic lesions. No changes were made to the N component for the eighth edition. Following the proposed revisions to the T and M components, the TNM stage grouping scheme was revised accordingly. All of these revisions were informed by the analyses of an international database, with participants submitting data from 46 sites from 19 countries. 6 Internal validation of the proposed revisions has been described in a separate publication. 7 However, recommendations based on a single database, regardless of the size, geographic representation, and heterogeneity of data sources, should also be validated externally, through one or more separate databases. The National Cancer Data Base (NCDB) provides an excellent opportunity for external validation of the TNM staging recommendations. The NCDB is a large and inclusive North American database, with broad representation from all treatment modalities for lung cancer and the entire range of institution types, from community hospitals to university research institutions. The eighth edition TNM staging criteria were evaluated against this large and detailed database.
Methods
The NCDB is a hospital-based registry jointly produced by the Commission on Cancer of the American College of Surgeons (ACoS) and the American Cancer Society. The NCDB asserts that "the National Cancer Data Base (NCDB) is a joint project of the Commission on Cancer (CoC) of the American College of Surgeons and the American Cancer Society. CoC's NCDB and the hospitals participating in the CoC NCDB are the source of the de-identified data used herein; they have not verified and are not responsible for the statistical validity of the data analysis or the conclusions derived by the authors." The de-identified cases, which were originally entered by participating institutions with appropriate human subjects' approval, were received and analyzed in the Division of Thoracic Surgery at the Swedish Cancer Institute, Seattle, Washington, which is an ACoS member hospital. Institutional review board review of the analysis of the de-identified data set at the Swedish Cancer Institute was not required.
Cases entered into the registry with invasive NSCLC or SCLC presenting from January 2000 to December 2012 were used for analyses. Cases that were classified as a second primary tumor, or without sufficient anatomical information to be able to classify them according to eighth edition stage were excluded. To maintain consistency with the analyses of the IASLC database, cases with yp staging (stage based on pathologic evidence after neoadjuvant therapy [approximately 2% of NCDB cases]) were excluded from analyses of pathologic stage. Most of these yp cases were also effectively excluded from analyses of clinical stage as well, because the tumor descriptors were based on surgical findings after neoadjuvant therapy. Cases were also excluded if the TNM descriptors were in conflict with the recorded stage. Surgical cases from both databases were included regardless of margin status after surgery.
TNM components for the NCDB cases were entered by the participating registrars according to sixth or seventh edition AJCC criteria, depending on the period during which they were registered. Pathologic TNM stage was provided in surgical cases, and clinical stage was provided in both surgical and nonsurgical cases. Anatomic T descriptors were provided following the AJCC Collaborative Stage guidelines, with only the "highest" T descriptor given for each case. For each case, there is a field indicating the source of the recorded T descriptor information, either surgical/pathologic staging or pretreatment radiologic/clinical. Information about the NCDB and its data elements resides at the website of the ACoS. 8 Cases were reclassified according to the eighth edition stage groupings after translation of the T and M categories using the descriptors provided with each case. In cases originally entered under the fifth or sixth edition, particular care was taken to ensure that cases were reclassified correctly, including in the event of additional nodules. Cases were included in either the analyses of clinical stage or analyses of pathologic stage depending on the basis of the size and extent descriptors. Size and extent descriptors were based on pathologic staging in surgical cases and clinical staging in nonsurgical cases. A small subset of cases could be included in analyses of both clinical and pathologic stage. In these cases, both cTNM and pTNM stage categories were recorded; additional anatomical descriptors were not needed to reclassify for the eighth edition (e.g., seventh edition T4). Additionally, all cases were included together in analyses of "best" stage, which is pathologic stage where available and clinical otherwise. Because of the hierarchical reporting of a single T-descriptor per case when in fact there could be more than one, the placements of individual anatomic descriptors within the T-component categories were not evaluated. The revised M component of classification could not be validated because the number of distant metastatic lesions was not provided. All M1 cases were therefore classified simply as stage IV.
NSCLC and SCLC were analyzed separately. For NSCLC, survival curves according to eighth edition stage were drawn for both data sets. For reasons previously explained, 5 adjusted survival curves were drawn for the IASLC data using inverse probability weights applied to the survival calculations, based on the proportion of cases that were from registry databases (versus others) in each stage category. 9 This weighting procedure was not applicable to the NCDB data. The analysis data sets for the IASLC data were the same data sets that were used for the originally reported component analyses of T, N, and TNM. Stages IVA and IVB were combined to form a stage IV group in the IASLC data, consistent with the NCDB data.
Formal comparisons between adjacent stage groups were performed using Cox proportional hazards regression, adjusting for age, sex, and cell type for NSCLC in each data set. In the case of best overall stage, regression analyses were stratified by whether treatment included surgical resection of the primary tumor. For the IASLC data set, Cox regression analyses were also stratified by type of source data: registry versus other. R 2 statistics were calculated by using the method of O'Quigley and Xu. 10 Similar analyses were carried out for SCLC. However, in keeping with the original analyses of the IASLC database, survival curves in the SCLC database were not adjusted for registry submission. Because the overwhelming majority of SCLC cases are in the clinically staged subset, best stage was not analyzed for SCLC.
To explore potential differences in overall prognosis between the NCDB and IASLC NSCLC data sets, the NCDB and IASLC data sets were combined to analyze the entire group with a Cox model. The database of origin (NCDB versus IASLC) was included as a predictor variable, stratified by surgical treatment and adjusting for the baseline factors age, sex, and cell type as already described. All analyses, including the reclassification of NCDB cases to the eighth edition stage criteria, were done with SAS System for Windows software, version 9.4 (SAS Institute, Inc., Cary, NC).
Results
Cases could be classified according to the eighth edition in all but two circumstances. The first is T3 cases that may have had diaphragm invasion in the presence of another "higher" T3 descriptor. This would effectively mask the diaphragm invasion, thereby preventing the case from being correctly classified as T4. As a result, there may have been some cases in which diaphragm invasion was present but not classified as such and the case was inappropriately classified as T3. The second circumstance is M1 cases that could not be classified according to the newly proposed distinction between single (M1b) and multiple lesions within single or multiple sites (M1c). Whether disease was restricted to the thorax (M1a, stage IVA) and whether there were multiple sites of extrathoracic metastases (M1c) could be determined; however, whether there was a single extrathoracic lesion (M1b, stage IVA) or multiple extrathoracic lesions at a single or multiple sites (M1c, stage IVB) could not be determined. Because the distinction between M1b and M1c is the basis for distinguishing stage IVA from stage IVB, all stage IV cases were grouped together in the analyses.
NSCLC
In total for the NCDB, 1,419,185 NSCLC cases presenting in 2000-2012 were subjected to initial screening. Among these, 314,992 (22%) were eliminated at initial screening on account of missing information related to stage, histologic type, or vital status or on account of classification as noninvasive or a second primary tumor ( Supplementary Fig. 1A ). From the remaining cases, 612,534 were determined to be eligible for analyses of clinical stage and 182,616 for pathologic stage. There was some overlap where specific descriptors were not needed for reclassification, with 14,856 cases available for both analyses. Analyses according to best stage (pathologic where available, otherwise clinical) could therefore be accomplished in 780,294 cases. Characteristics for this group and for the NSCLC data set from the IASLC Staging and Prognostic Factors Committee database, are shown in Table 1 . The NCDB had a lower percentage of adenocarcinomas compared with the IASLC database (50% versus 61% after exclusion of not otherwise specified cases), most likely reflecting the fact that the IASLC database includes many cases from Asia, which are known to have a higher proportion of adenocarcinomas ( Supplementary Fig. 2 ).
As with the IASLC database, 6 the NCDB contains all treatment modalities (Fig. 1A ) However, because cases with ypTNM staging after neoadjuvant therapy were excluded, modalities that included preoperative chemotherapy or radiotherapy are not included and not shown in the treatment distribution. Approximately 16% of patients with NSCLC in the analysis data set had an operation only and 25% received chemotherapy only.
Eight percent had an indication of radiation therapy as the only mode of treatment and 22% had some combination of surgery, chemotherapy, and RT, whereas 28% were untreated. Treatment modalities were unknown in 2% of cases. The NCDB contained 25% surgical cases overall, as opposed to 88% in the IASLC database, in which surgical services made up a large proportion of the data contributors.
The median overall survival (OS) in the NCDB clinically staged subset ranged from 37.5 months in the stage IA1 category to 4.8 months in the stage IV category. In the clinically staged cases of the IASLC data set, the median survival was not reached in any stage I category and was ChRT, combined chemotherapy and radiotherapy; No Tmt, no treatment; RT, radiotherapy; S, surgical resection; S-Ch, surgery followed by chemotherapy; S-ChRT, surgery followed by combined chemotherapy and radiotherapy; S-RT, surgery followed by radiotherapy; Unk, treatment unknown.
8.8 months in the stage IV category ( Fig. 2A) . In previous analyses of the IASLC TNM database, a more granular view of clinical stage IV survival showed a median survival of 11.5 months in the stage IVA category and 6.0 months in the stage IVB categories. 5 An evaluation of the comparison between stage IIIC and IVA could not be accomplished with the NCDB because of the aforementioned inability to distinguish stage IVA from stage IVB. Formal comparisons between adjacent clinical stage groupings in the NCDB data set, adjusted for cell type, age, and sex, showed significant differences between each stage group with the exception of IA1 and IA2, as well as IIA and IIB, which had overlapping survival ( Table 2 ). The overlap between these two pairs of stage groupings in the clinically staged cases is a reflection mainly of overlap between corresponding T-category cohorts ( Supplementary Fig. 3A ) and may be a result of imprecise tumor measurement in these clinically staged tumors. This overlap between T categories (between T1a and T1b and between T3 and T2b), which has relevance to the proposed revisions to the T component, was observed in the clinically staged group but not in the pathologically staged group (Supplementary Fig. 3B ). Accordingly, for pathologic stage (Fig. 2B) , there was separation between all adjacent stage I to IIIC groups (p < 0.0001 for all comparisons [see Table 2 ]).
Although no changes were made to the N component for the eighth edition, clinical and pathologic N categories were examined in the NCDB as in the IASLC Supplementary Fig. 4 ). The N categories are well separated, with the exception of clinical N3 compared with N2 in the NCDB data set. The statistical comparison of clinical stage N3 versus clinical stage N2, adjusted for age, sex, and cell type was statistically significant (p < 0.0001) but the hazard ratio (HR) was somewhat small at 1.11 (data not shown). The survival estimates for pathologic N categories are very similar in both data sets, with similar separation between all of the N categories ( Supplementary Fig. 4B ).
M0 cases (
For the 780,294 cases analyzed for best stage in the NCDB data set (Fig. 3) , all stage groupings were ordered and distinct from one another, with a median OS ranging from 103 months for the stage IA1 group to 4.9 months for the stage IV group. The 2-and 5-year survival estimates exhibited similar patterns. The stage I groups had 5-year survival rates ranging from 69% to 53%. The 5-year survival rate for the stage IV group was 3% compared with 6% in the IASLC data set. Stage IVA and IVB were combined in the IASLC data set to be consistent with the NCDB database. All stage groups were statistically distinct from one another, with all p values less than 0.0001 (Table 3) .
Overall and within each stage, the survival prognosis was better in the IASLC data set. Some of this difference can be explained by the higher proportion of surgical cases, and perhaps also by the higher proportion of adenocarcinoma cases in this database. However, these factors do not seem to explain the difference entirely. In a combined Cox regression analysis of both databases together, adjusting for stage, histologic type, age, sex, and whether a resection was attempted on the primary tumor, the IASLC data set reflected a higher OS (HR ¼ 1.22 in favor of the IASLC data set [p < 0.0001]).
A simultaneous test for the significance of all database-by-stage interactions was performed in a combined NCDB-IASLC data set. This test was performed to assess whether the HRs (compared with baseline [stage IA1]) for any of the individual stage categories differed by database. The test was significant, with each individual interaction term being significant (p < 0.0001) and HRs on the interaction terms all being less than 1 (data not shown). This indicates that each stage group in the NCDB data set shows a less pronounced (albeit still significant) difference from baseline compared with the IASLC data set, which could result from the two data sets being different in terms of population and range of OS outcomes, but it does not detract from the overall validation of discrimination between stage groupings in the eighth edition.
SCLC
The SCLC subset from the NCDB contained 215,395 cases after screening out of an initial 256,913 cases ( Supplementary Fig. 1B) , and 40,556 cases (16%) were classified as a second primary and excluded. From the initially filtered group, there were 155,293 cases (60%) with complete and conflict-free clinical TNM stage and 3611 (1%) with a pathologic stage. Both clinical and pathologic stage could be analyzed in 994 cases. A comparison of patient characteristics (see Table 1 ) again shows that there is a higher proportion of surgical cases in the IASLC data set than in the NCDB data set (23% versus 1%) (Fig. 1B) .
The survival outcomes according to clinical stage in both the NCDB and IASLC data sets share common features, particularly in stages III and IV: stage IV is distinct from stage IIIC in terms of prognosis, there is less distinction between stage IIIB and IIIC, and stage IIIA is well separated from both IIB and IIIB. (Fig. 4A) . Statistically, this can be seen in the HRs for both the NCDB and the IASLC database (Table 4 ). There were too few cases in the previous analyses of stage I and II in the IASLC database to achieve robust results, with fewer than 50 events per stage group. Although these early-stage cases are more numerous in the larger NCDB data set, the differences between the lower-stage groups still do not reach statistical significance, with small differences in survival. In the pathologically staged cases (see Table 4 and Fig. 4B ), stage IIIC (T4N3) is very rare in both databases, and stage IIA is very poorly represented as well. With the exception of the poorly represented groups and the overlap among the stage IA groups, the eighth edition staging scheme appears to work well for pathologic stage, especially in the laterstage SCLC cases. The result of the trend test of no difference between stages against an ordered alternative was significant (p < 0.0001) for both clinical and pathologic TNM stages, suggesting a trend in the appropriate direction for the stage groups.
The T4 group is distinct from the other T categories in both clinically and pathologically staged SCLC ( Supplementary Fig. 5 and IASLC data not shown), which may partially account for the distinction between stages IIB and IIIA, at least in node-negative cases. The clinical N2 and N3 groups have a similar prognosis that is distinct from that of the N0 and N1 groups (see Supplementary Fig. 5 ). For SCLC, the NCDB best stage results mainly reflect clinical stage analyses, which accounts for most of the cases; therefore, survival by best stage is not shown.
Overall, in SCLC, early-stage cases in the IASLC data set show higher survival rates than the NCDB, which is consistent with what is seen in NSCLC. The same can be said for both clinically and pathologically staged cases, so that the proportion of surgical cases in the IASLC data set cannot account entirely for the difference. For the clinically staged III and IV cases, however, in which resection attempts would be very uncommon, the two data sets demonstrate very similar survival in the respective stage categories.
Discussion
The AJCC/UICC stage classification of lung cancer is relatively unique among stage classifications of cancer sites; driven by the initiative of the IASLC, it is based on a large international database and an extensive, sophisticated analysis with multiple levels of internal validation. 6, 7 This is true for both the seventh and eighth edition TNM classifications, in contrast to classifications of many other disease sites and prior editions, in which the classification rests largely on empiric categories and consensus. Furthermore, the eighth edition lung cancer stage classification has undergone specific analyses, as should ideally be done for a classification system, 11 demonstrating multiple levels of generalizability (i.e., discrimination is maintained across time intervals, geographic regions, patients identified by different methods, a broad spectrum of disease, and follow-up duration). 7 Nevertheless, external validation in a sufficiently large independent cohort by using appropriate analyses of discriminatory ability is important. The primary purpose of the TNM classification is to provide a nomenclature for the anatomic extent of disease in a way that discriminates distinct patient groups. The actual outcomes of groups (calibration [e.g., 5-year survival]) in a data set may differ, reflecting the influence of the many factors besides disease extent that affect prognosis, such as the differences in the health care system, time period, treatment received, patient characteristics of the cohort (age, comorbidities), and so forth, that characterize the particular data set. 7 Neither the IASLC outcomes nor those of the NCDB should be viewed as an absolute benchmark for any individual group or region. For example, there is a marked improvement (w25%-50%) in survival between the IASLC 1990-1999 and the 1999-2010 data sets used for the seventh and eighth edition analyses. 7 However, the discriminatory ability of the classification system must be maintained in different data sets if a classification system is to be valid.
The registry of the Surveillance, Epidemiology, and End Results program of the U.S. National Cancer Institute was considered for this validation exercise. In fact, this database was used previously for external validation of the seventh edition revision. However, because of the structure of the Extent of Disease codes through 2004 and only partial implementation of updated collaborative stage codes before 2010, there were too few cases that could be accurately reclassified according to the eighth edition. Therefore, we did not use the Surveillance, Epidemiology, and End Results registry.
The NCDB represents an excellent validation data set because of both its size and level of detail regarding the tumor characteristics. Use of this database allowed for detailed assessment of the T and N components and the stage groupings of the eighth edition TNM classification. However, there was insufficient information regarding number of individual metastatic lesions to assess the newly developed M component. As shown in this article, the ordering of T and N categories and stage groups is maintained in the NCDB with good discrimination (i.e., R 2 ). This is true across multiple subgroups (clinical and pathologic stage, best stage, NSCLC, and SCLC).
The NCDB database is particularly useful for validation because it is strong in areas in which the IASLC database is weak. There is a relative underrepresentation of North America and nonsurgically managed patients in the IASLC database. The NCDB on the other hand offers a completely North American cohort, as well as a representative majority of nonsurgically managed cases. The treatment sequences received by the nonsurgical patients are well described in the NCDB, with a higher level of detail than was available in most of the IASLC cases. The IASLC database includes several large data sources with patients receiving therapies that may be essentially the same within the data source but different from those of other large participating data submitters, which is an obvious cause for concern. The NCDB analysis strongly confirms the IASLC internal analysis, demonstrating that the eighth edition stage classification works well both in North America and in a primarily nonsurgical cohort. Concern regarding bias is ameliorated. In other words, the data show that the anatomic extent of disease as captured by the TNM categories does discriminate among patient groups even in a primarily nonsurgical setting. (This does not diminish the fact that other factors can also provide useful information to distinguish patient cohorts.)
As would be expected in a primarily nonsurgical data set, the NCDB outcomes for NSCLC are markedly worse relative to those of the primarily surgical IASLC data set (see Fig. 3 ), yet the discrimination is maintained (see Fig. 3 and Table 2 ). This is harder to assess in the SCLC data set. In general, an ordered progression of worsening survival in the NCDB data set is maintained, particularly within the broader stage I through IV categories. However, there is generally no statistical difference between groups within stage I and II, despite the larger patient numbers. Nevertheless, for the pathologically staged SCLC subset, better case representation in the NCDB data enabled the confirmation of appropriate ordering and good separation between stage groupings for pathologic stage in SCLC, which had not been previously accomplished.
The NCDB is also useful in providing information on how the patients within each stage group were treated during the period 2000-2012 (see Fig. 1 ). This allows the clinician to better interpret the survival outcomes seen in the NCDB analysis, and to make a better assessment of the degree to which the NCDB outcomes may estimate the outcome for a particular patient with a tumor of a certain stage group who will be treated in a certain way. However, it must be recognized that in this analysis the treatment groups are not fully represented, given the exclusion of all yp-staged cases that received neoadjuvant therapy. The basis for tumor size and extent was strictly pathologic in all surgical cases, which means that the yp-staged cases were also excluded from analyses of clinical stage and best stage.
Despite the size and detailed nature of the NCDB database, there are some limitations. First, the NCDB data did not permit validation of the M1b category, given that single-site metastasis in NCDB could involve either a single metastasis or multiple metastases. An analysis of single versus multiple sites in the NCDB could be undertaken as an approximation of the eighth edition M1b versus M1c categories, but this would not reflect true validation. Second, the ability to identify all cases within NCDB with diaphragmatic invasion was incomplete. Third, in the pathologically staged SCLC subset, stage IIA and stage IIIC were poorly represented. Sample size issues were also seen and previously reported in the IASLC SCLC data. 3 Fourth, as previously mentioned, and in contrast to the IASLC data sets, surgical cases could not be included in analyses of clinical stage because the basis for tumor descriptors was pathologic in surgical cases. Finally, the source of NCDB cases, registries at Commission on Cancer-accredited hospitals, may not be representative of the typical therapy received at other hospitals in the United States or in other countries. The more global geographic coverage and increasing inclusiveness of the IASLC effort is invaluable in this respect, and it is another factor in the complementary nature of these two databases.
This validation was carried out in accordance with proposed characteristics for a robust external validation. 7 Regarding the potential for case overlap, the NCDB cohort included less than 5% patients who were also included in the IASLC data set. We can be sure of this because of the small percentage (<5%) of cases in the IASLC database that were contributed from North American sites. We have reported follow-up information as well as the number of cases and events per subgroup analyzed. We have also reported on the ordering, statistical differences, and homogeneity within subgroups and examined and found the discrimination to be consistent within analyses of specific cohorts (i.e., NSCLC, SCLC, clinical, pathologic, and best stage). Multivariate analyses were carried out to adjust for various confounding factors.
This validation of the eighth edition stage classification brings the effort underlying the NCDB full circle. The NCDB was established to collect detailed data regarding patients with cancer to enhance the ability to understand the impact of many factors and changes over time. To accomplish this, an extensive infrastructure was developed to collect stage information, including trained tumor registrars, institutional certification, and extensive quality control. As with any major infrastructure, there is always tension between the cost of maintenance and appreciation of the value. However, the value of the NCDB cannot be overstated. There are very few data that permit such a robust validation of the eighth edition stage classifications-and this is a major testament to the value of the NCDB and the infrastructure and people it represents.
Conclusion
The NCDB provides an extensive resource for a robust external validation of the eighth edition UICC and AJCC stage classification for lung cancer. This analysis demonstrates that the discrimination of the eighth edition categories and stage groups validates very well for NSCLC and SCLC in clinical, pathologic, and best stage analyses. This validation also further underscores the geographic transportability of the eighth edition stage classification and the applicability to primarily nonsurgically treated cohorts.
